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Abstract The hyphal sheath is a morphological feature of 
many kinds of fungi. Although the fine structures of the 
sheath have been studied in detail by a number of electron 
microscopy techniques, the function and physiology of the 
hyphal sheath are not yet clarified. One reason for this is 
that the hyphal sheath is a colorless, mucilaginous, and 
delicate material so that it is not easily identified. We devel¬ 
oped a simple method to visualize and identify the hyphal 
sheath of the white-rot fungus Phanerochaete crassa 
WD1694. The small mycelial pellets in shaken liquid cul¬ 
tures of P. crassa WD1694 were stained directly with phlox¬ 
ine B. Both the hyphae and the hyphal sheath that filled the 
gaps between each of the hyphae were visualized and 
observed by light microscopy. The stained hyphae were 
further studied by transmission electron microscopy, atomic 
force microscopy, and fluorescence microscopy. Based on 
these observations, we confirmed that the staining of the 
hyphae was also due to the presence of the hyphal sheath 
that closely covered the fungal cell wall. These results 
clearly showed that the hyphal sheath was selectively stained 
with phloxine B and could be observed and identified by 
conventional light microscopy. 
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Introduction 

The fungal slime or hyphal sheath is a commonly observed 
morphological feature of many kinds of fungi. 14 The fine 
structures of the hyphal sheath have been studied in detail 
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with electron microscopy. 1-3,5 8 The hyphal sheaths of brown- 
rot and white-rot fungi are thought to be the site and the 
pool of fungal enzymes. 2,3 Extracellular enzymes are located 
in the hyphal sheath as well as at extracellular or intra¬ 
cellular sites. 5,6,9 The hyphal sheath has been suggested to 
be an important site for the extracellular modification of 
wood. 2,3,5,6,10,11 

Although the significance of the hyphal sheath in fungal 
physiology or function has been mentioned in several 
reports, its full significance has not yet been elucidated." ’ 
One of the reasons for this is that the hyphal sheath is not 
easily isolated and observed. The hyphal sheath is com¬ 
posed of mucilaginous or gelatinous materials and is easily 
damaged or lost during the sample preparation procedure. 1,4 
The hyphal sheath is not always observed with all of the 
hyphae. Positions and ages of the hyphae affect the pres¬ 
ence of the hyphal sheath. The sheath is present only on 
rapidly growing hyphae, but not on necrotic hyphae. 2 The 
age of the mycelium may determine whether a sheath is 
present. 4 In addition to these facts, the hyphal sheath cannot 
be observed by conventional light microscopy because 
it is a colorless and mucilaginous material. Accordingly, 
a simpler method of determining sheath morphology is 
required for screening or preliminary examination as part 
of the physiological or biochemical analysis of hyphal 
sheaths. 

We attempted to visualize the hyphal sheath of the 
white-rot fungus Phanerochaete crassa WD1694. Previously, 
we visualized extracellular peroxidase reaction of P. crassa 
WD1694 with precipitating S^'-S^'-tetra-methylbenzidine, 
which is a peroxidase substrate. 12 Extracellular peroxidase 
reaction occurred on the surface of mycelial pellets, and the 
localization of peroxidase reaction might be caused by the 
hyphal sheath. The mycelial pellets of shaken liquid culture 
of P. crassa WD1694 were soft and small, which made them 
available for direct observation by light microscopy. Other 
white-rot fungi usually produce larger mycelial pellets that 
are hard and round and require fixation and sectioning, 
which can cause severe damage to the hyphal sheath. We 
developed a very simple method to visualize the hyphal 
sheath of the white-rot fungus P. crassa WD1694 and 
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succeeded in observing the sheath by conventional light 
microscopy. 


Materials and methods 

Fungal strain 

The white-rot fungus Phanerochaete crass a WD1694 
[MAFF420737, Phanerochaete crassa (Lev.) Burdsall] was 
obtained from the culture collection of the Forestry and 
Forest Products Research Institute. 

Culture conditions 

Inoculum of P. crassa WD1694 was prepared as described 
previously. Cultivation conditions were as follows, unless 
otherwise described. A 300-ml Erlenmeyer flask, which 
contained 100 ml of a medium consisting of 10g/l glucose, 
0.1 g/1 NH 4 H 2 P0 4 , 0.6 g/1 KH 2 P0 4 , 0.4 g/1 K 2 HP0 4 , 0.5 g/1 
MgSO, • 7H 2 0, 5 mg/1 CaCl 2 , 0.1 g/1 MnS0 4 , 0.1 g/1 yeast 
extract, and 0.5 g/1 Tween 80, was sterilized at 121°C for 
20 min and 10 ml of inoculum was added. The flask was 
incubated on a rotary shaker at 30°C and 100 rpm for each 
of the test days. 

P~ 1,3-Glucanase treatment 

^-1,3-Glucanase was purchased from Wako. The reaction 
mixture contained 200 units of /Fl,3-glucanase, 120mM 
/Tmercaptoethanol, 150/il of culture containing the myce¬ 
lial pellets in 67mM phosphate buffer (pH 7.5, 1.5 ml). 
The reaction mixture was incubated for 2h at room 
temperature. 

Staining 

An aliquot including the mycelial pellets was taken from 
the culture and added to a 20% solution of phloxine B. 
After incubation at 26°C for 30 min, the mycelial pellets 
were gently washed by removal of the supernatant and the 
addition of distilled water. This process was repeated until 
the supernatant becomes colorless. 

Microscopic analysis 

Stained mycelial pellets were used directly for light micros¬ 
copy and atomic force microscopy (AFM). Sample prepara¬ 
tion for transmission electron microscopy (TEM) and 
fluorescence microscopy was conducted as reported 
previously. 14 

The microscopes used were a Nikon Eclipse TE 2000-U 
(light microscopy), a Jeol JEM-2000EX (TEM), and a 
Nano Scope III A (Veeco; AFM). The fluorescence micro¬ 
scope was an Olympus model BX-RFA with a U-MWIG3 
cube, a BP 530-550 excitation filter, and a BA570 barrier 
filter. 


Results 

Figure 1 shows the results of the staining of Phanerochaete 
crassa WD1694 with phloxine B solution. The cultivation 
conditions are described in Fig. 1. The shake culture of P. 
crassa WD1694 produced many spherical mycelia of 0.5- 
1.5 mm in diameter and with many hyphae protruding 
outward from the sphere. Both the hyphae and the slime of 
the mycelial pellets were stained. When the mycelial pellets 
were shaken gently in the staining solution and washed in 
distilled water, we observed aggregates of slime that had 
been stained red and had peeled off from the hyphae (Fig. 
1A). The slime was not visible without staining. 

When the mycelial pellets were dried for lh and fixed 
gently on a plate, the slime that had peeled off from the 
hyphae was not observed (Fig. IB); however, in the enlarged 
images, slime was observed between each hypha (Fig. IE). 
When the mycelial pellets on the plate were dried for 4h, 
the slime in the mycelial pellet was observed to have shrunk 
(Fig. 1C). The shrunken slime could be observed without 
staining (Fig. ID). 

These results indicate that slime is present mainly inside 
the mycelial pellets and fills the gaps between each of the 
hyphae. Because the slime was very soft and easily damaged, 
as has been reported before, the slime peeled off from the 
hyphae even with gentle mixing in the staining solution, or 
it shrank during drying on the plate. 1,4 

The degree of staining on the hyphae varied depending 
on the cultivation period of P. crassa WD1694. Hyphal 
staining was strong and clear during cultivation for 24-72 h, 
but after 96h, it had become weak and diminished (Fig. 2). 
The present result is consistent with the reports that young 
hyphae have sheaths, but they may be absent on hyphae 
older than 72h. 4,15 

/TGlucanase treatment of mycelial pellets of P. crassa 
WD1694 made the staining less distinct (Fig. 3). Phanero¬ 
chaete crassa WD1694 was cultivated for 2 days as described 
in Fig. 1 and the resultant mycelial pellets were treated with 
P~g lucanase and further stained with phloxine B. Hyphae 
without /3-glucanase treatment were stained magenta, and 
agglomerates of slime that peeled away from the hyphae 
were stained red (Fig. 3A). When the mycelial pellets were 
stained after treatment with /I-glucanase, the staining of the 
hyphae became less effective and no agglomerates of slime 
were observed (Fig. 3B). It has been reported that fungal 
slime consists of /3-1,3-glucan. 16 The disappearance of the 
agglomerates of slime and reduction in effective staining of 
the hyphae are attributable to decomposition of the p- 1, 
3-glucan by p-g lucanase treatment. 

The facts that the hyphal staining varied remarkably with 
and without /Tglucanase treatment and with the duration of 
cultivation suggest that staining of the hyphae was not 
caused by staining of the fungal cell walls. The stained 
hyphae of P. crassa WD1694 were then observed by TEM 
(Fig. 4). Examination of cross sections of the hyphae showed 
that there was a layer of slime around the cell walls. AFM 
analysis of the same sample revealed the presence of thin 
layers of slime along the hyphae (Fig. 5). 
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Fig. 2A, B. Effects of cultivation days on the staining of P. crassa 
WD1694 mycelium with phloxine B. A Mycelium cultivated for 24 h; 
B mycelium cultivated for 4 days. Bars 100/im 


Fig. 1A-E. Staining of Phanerochaete crassa WD1694 mycelium with 
phloxine B. Phanerochaete crassa WD1694 was cultivated for 24 h (A, 
C, D) or 2 days (B, E). Cultivation conditions were as described in 
Materials and methods except with 1 g/1 NH 4 H 2 P0 4 and without Tween 
80. A Mycelium was shaken gently in phloxine B solution; B, E myce¬ 
lium was dried on a plate for 1 h and stained with phloxine B; C myce¬ 
lium was dried on a plate for 4h and stained with phloxine B; 
D mycelium was prepared as in C without staining. Arrows, hyphal 
sheath; arrowheads, hyphae. Bars 100 fim 


These results showed that the staining of the hyphae with 
phloxine B was actually the staining of thin slime layer that 
closely surrounded the surface of the cell wall. This agrees 
well with the fact that the stainability of the hyphae declined 
after treatment with (3- glucanase. It has been reported that 
the hyphal sheath is composed of outer and inner layers. 15 
We consider that the slime in Fig. 1, which fills the gaps 
between the hyphae, corresponds to the outer layer, and the 
slime layer along the cell walls of the hyphae, as observed 
by TEM (Fig. 4) and AFM (Fig. 5), corresponds to the inner 
layer. 

Sections of phloxine B-stained mycelia were also exam¬ 
ined by fluorescence microscopy. Microscopic images of 
cross sections of the hyphae revealed ring-shaped fluores¬ 
cent stains (Fig. 6A, C). Ring-shaped images were also 
observed by visible light microscopy on the same sections 
and corresponded to the fluorescent parts (Fig. 6B, D). 
Judging from the thickness of the rings relative to their 
diameter in the visible light micrograph, we concluded that 
the rings corresponded to the slime layer in the TEM image 
in Fig. 4. These results clearly indicate that the staining on 
the hyphae with phloxine B was caused by the thin layers 



Fig. 3A, B. Effects of /Tglucanase treatment on the staining of P. 
crassa WD1694 mycelium with phloxine B. Phanerochaete crassa 
WD1694 was cultivated for 2 days. A Without /Jglucanase treatment; 
B mycelium treated with /3-glucanase. Arrows, hyphal sheath; arrow¬ 
heads, hyphae. Bars 100 fim 
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Fig. 4. Cross sections of P. crassa WD1694 hyphae observed by trans¬ 
mission electron microscopy. Phanerochaete crassa WD1694 was culti¬ 
vated for 2 days. Arrows , hyphal sheath. Bar 1 pm 



Fig. 5A, B. Phanerochaete crassa WD1694 hyphae observed by atomic 
force microscopy. Phanerochaete crassa WD1694 was cultivated for 2 
days. A Data type was height and the range was 2000nm; B data type 
was amplitude and the range was 2.0V. Arrows, hyphal sheath. Bars 
10 pm 


of slime along the outsides of the cell walls of the hyphae, 
which is the inner sheath. 


Discussion 

The fungal slime or hyphal sheath is a morphological feature 
that exists outside the hyphae in a variety of fungi. “ Many 
studies have analyzed the ultrastructure of the hyphal 
sheath, and in these reports the authors have also specu¬ 
lated on the importance of the hyphal sheath in fungal 
physiology. 2,3,5,6,10,11 

White-rot fungi have hyphal sheaths, and the ultrastruc- 
tural distributions of the ligninolytic enzymes in their fungal 
slime have been reported. ’ ’ ’ The hyphal sheaths of 
white-rot fungi are considered to store, concentrate, and 
transport extracellular enzymes. 11 

Although the importance of the hyphal sheath in the 
physiological functions of fungi has been noted in many 


10 pm 

Fig. 6A-D. Cross-sections of P. crassa WD1694 hyphae stained with 
phloxine B. Phanerochaete crassa WD1694 was cultivated for 2 days. 
The same sample was observed by fluorescence (A, C) and light 
(B, D) microscopy. Arrows, the stained rings of A and C corresponded 
to hyphal sheath of B and D, respectively 


reports, physiological and biochemical analyses of hyphal 
sheaths have been reported in only a few fungi, and the 
physiological functions and metabolism of hyphal sheaths 
have not yet been clarified. 5,6 In most cases, the hyphal 
sheath has been defined as a fungal structure by electron 
microscopy. “ However, the need to use electron micros¬ 
copy simply to confirm the presence of a hyphal sheath is a 
crucial barrier to the study of this organ’s physiology and 
biochemistry. 

In this study, we were able to determine the existence 
and distribution of the hyphal sheath by conventional light 
microscopy. The hyphal sheath is a mucilaginous and color¬ 
less material and is not easy to distinguish directly by light 
microscopy. 

It has been reported that the hyphal sheath is composed 
of P~ 1,3-glucans and is easily damaged by chemical treat- 
ment or drying for microscopic analysis. ’ ’ There are many 
dyes and methods for staining polysaccharides, such as 
Schiff’s reagent and colloidal iron solution. 20 However, 
these methods require the use of several steps, acid solu¬ 
tions, or organic solvents, all of which can cause severe 
damage to the sheath. 

We dyed the mycelial pellets with phloxine B without 
any chemical modification and succeeded in visualizing the 
fungal slime of Phanerochaete crassa WD1694. The analysis 
also enabled us to understand the distribution of the hyphal 
sheath in a mycelial pellet. Staining with phloxine B visual¬ 
ized the hyphae and the hyphal sheath among the hyphae. 
Staining of the hyphae was also due to the presence of the 
hyphal sheath, which was wrapped tightly around the cell 
wall. The part of the hyphal sheath among the hyphae was 
soft, fragile, and easily damaged, as mentioned above. The 
part of the sheath lying outside the cell wall was thin and 

























80 


closely attached to the wall; this part was therefore more 
resistant to the physical damage caused by processes such 
as mixing and drying. 

These results showed the existence of two parts of the 
hyphal sheath, as has been described previously. Evans 
et al. 15 reported that the hyphal sheath was composed of two 
layers. Harrison et al. 21 showed that the hyphal sheath was 
composed of one layer, although they considered that the 
inner part might be more condensed and the outer more 
fibrillar. From these results, we concluded that the part of 
the hyphal sheath among the hyphae of P. crass a WD1694 
corresponded to the outer sheath, and the part surrounding 
the cell wall corresponded to the inner sheath. 

Staining of the hyphal sheath was reported previously in 
Bipolaris in which the two layers of the sheath were each 
stained with a different dye. Phloxine B stained both layers 
of P. crass a WD1694 simultaneously, so that the inner and 
outer sheath could be stained and distinguished in one step. 
In addition to this, phloxine B has a strong fluorescence that 
is apparent even in specimens in which the red staining is 
not recognizable. 

The hyphae treated with /1-1,3-glucanase and hyphae 
grown for 4 days were not stained with phloxine B. The 
results showed that the inner sheath of these hyphae was 
absent and the fungal cell wall was not stained with phlox¬ 
ine B. The fungal cell wall consists of chitin and /Tl,3- 
glucans, although the hyphal sheath is mainly constructed 
of ^-1,3-glucans. 22 One of the reasons why the cell wall was 
not stained with phloxine B is that the concentration of (3- 
1,3-glucans in the cell wall might be much lower than that 
in the hyphal sheath. 

We used phloxine B to stain the hyphal sheath, and we 
certified the selectivity of its staining of the sheath. Although 
morphological damage to the outer sheath could not be 
completely avoided even when the samples were stained 
directly, the single-step procedure for staining the sheath 
probably resulted in the least artifacts compared with other 
methods that require several steps and the use of organic 
solvents. The inner sheath stained by phloxine B showed no 
artifacts under observation by light microscopy. 

In conclusion, we developed a simple and useful method 
for distinguishing the hyphal sheath. This method should 
prove fundamentally useful to studies of the physiology and 
biochemistry of the hyphal sheath. 
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